INTRODUCTION
The comprehension of the elementary cell mechanisms, or more generally of the basic mechanisms of life, is a challenge that interests computer scientists since the middle of the 20th century. Alan Turing created an algorithm for the chemical basis of morphogenesis in 1952 [18] . In the context of symbolic dynamics [16] , von Neumann built the first autoreplicating cellular automaton [19] . Another famous example is John Conway's "game of life" made in 1965, where complex structures appear under simple laws, or the ant of Langton [14] . These researches led to many developments, improvements and new ways (see [8, 12, 11, 15, 3, 13] ). More specifically, for morphogenesis Fleisher made a model and a simulator where cells can bind and are able to secrete chemoattractants and chemorepellents to generate interesting patterns of a virtual proto-organism [10] . Laforge et al. developed an approach based on an equilibrium between the autostabilization of stochastic gene expression and the interdependence of proliferating cells in order to model embryogenesis and cancer [5] . Cellular aggregation [1] and cellular segregation due to differences of adhesion 
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Morphogenesis is a key phenomenon occurring in multicellular organisms. It involves many mechanisms at the cellular level like differentiation, migration, division or communication between cells. The study of such complex living systems is difficult despite the improvement of confocal microscopes including those working with four dimensions (space and time). Observation has been much enhanced but comprehension of the organization is yet to come. In virtuo simulation allows focus on the study of the organization mechanisms (in virtuo is an extension of the in silico paradigm where the user is a central actor of the simulation). Hence, the use of a computer program reproducing some parts of the morphogenesis phenomenon is complementary to real experimentation. Moreover, modelling using a programming language facilitates exchange of knowledge between biologists by reducing the ambiguity compared with text or diagrams. To help the comprehension of morphogenesis, we have developed software based on a multiagent system that reproduces the following mechanisms: cell migration, cell division, cell apoptosis, cell signalling, cell differentiation and cell polarization. In our software, an agent is called a MorphoBlock, which means a block of morphogenesis. By using these simple MorphoBlocks, the simulations show different kinds of dynamics and generate structures that can be compared, from an abstract point of view, to the formation of multicellular organisms. In this paper, we focus on two main parts of our software: first the shape, behaviour and parameters of a MorphoBlock; and second the observation of morphogenesis from simulations with many MorphoBlocks. Keywords: embryogenesis, multiagent systems, MorphoBlock, morphogenesis [2] have also been simulated by using the dedicated language CPL (Cell Programming Language). An interesting model for morphogenesis is the study of healing [9] and the migration of fibroblasts [6] , to which it is correlated.
To simulate the morphogenesis of our virtual organisms, we decided to develop a simple model based on a multiagent system (MAS). The environment of the MAS is a grid and the agents are squares called MorphoBlocks (block of morphogenesis). A MorphoBlock is a square that can move on the grid and interact with other agents via chemotaxis modulators. Only one agent per grid element is allowed. Each of the four sides of the square plus the four diagonals are active. It means they have two abilities: the first is the capacity to influence the direction of cell movement by the presence of ligands and the second is the possibility for each side and the diagonals to secrete a diffusing chemotaxis modulator. We then designed an algorithm to let agents choose between five possible locations (left, right, up, down and the current position). The biological data show that stochasticity plays an important rôle [7] . The displacement of agents is probabilistic and depends on the quantity of ligands and the quantity of chemotaxis modulators. At the beginning of the simulations, we placed many agents at random and we observe the dynamics of the system. Section 2 describes our multiagent system (MorphoBlocks, environment, interactions and movements). Then in Section 3 we present three different simulations obtained by changing the parameters of our agents and a fourth simulation focused on the embryogenesis of an abstract multicellular organism. Finally, in Section 4 we discuss the interest of this approach with its advantages, drawbacks and possible enhancements.
MULTIAGENT SYSTEM
In this section we first describe the MorphoBlock agent concept and its properties. Then we focus on the 2D grid that represents the environment. Finally we deal with the decision algorithm allowing the agents to interact and move in order to create dynamical structures.
MorphoBlock concept
In this part, we present the different components of a MorphoBlock agent (core, ligands and secreters). Then we describe its abilities to perceive and modify its environment.
A MorphoBlock M is a square which has a position (i, j) in a grid. It has a Core surrounded by Secretedchemotaxismodulators and having Ligands influencing its movement. Hence, M can be characterized by a triplet (see Figure 1 • Side has the same meaning as the previous word;
• TypeS is a word modelling the type of secreter. There can be several Ligands and several Secreters at the same side of the Core.
A MorphoBlock can modify its local environment thanks to its Secreters by adding Chemotaxismodulators. A chemotaxis modulator < TypeS, C > is defined by the type of its secreter and by its concentration at a grid site. Several Chemotaxismodulators can be on the same site. In the presented simulations (see Section 3), the local environment is a 5 × 5 subgrid centred on the Core. We assume that the beyond the grid the Chemotaxismodulators are undetectable by the other MorphoBlocks (diffusion, dilution, degradation). To be more realistic, a more accurate reaction-diffusion system could be made in the future. The diffusing function is defined by the modeller. An example of chemotaxis modulators and their diffusing function is shown in Figure 2 . modulators. When a MorphoBlock changes its position in the grid, the concentrations are consequently changed (removed from the previous location and placed at the new one) to reflect the new organization.
The manner how the agents use the environment is described in §2.3.
Interaction
In this part, we describe how the MorphoBlocks interact thanks to their ligands and secreters. These interactions influence the movement of the MorphoBlocks. A MorphoBlock can move in four directions (left, right, up, down) or can stay at its current position. The choice of the location is probabilistic. The probabilities are computed using an interaction function fi.
The function fi is designed to compute the intensity of attraction or repulsion between the Ligands of a MorphoBlock M and the Chemotaxismodulators surrounding M. For our simulations, fi takes into account two parameters: the set of Ligands (L) and the set of ChemotaxisModulators concentrations (CM) for a site. Let nbL = (#{l ∈ L|TypeL of l = +} -#{l ∈ L|TypeL of l = -}), and nbS = (#{c ∈ CM|TypeS of c = +} -#{c ∈ CM| TypeS of c = -}). We define fi by:
An example of fi used on a MorphoBlock is shown in Figure 4 . The MorphoBlocks are not in direct interaction but use the environment to influence themselves. §2.2 presents this environment.
Environment
The environment is a 2D grid with a configurable number of columns and rows and is shared by all the agents in order to interact. An artefact is imposed by the grid: only principal height directions (horizontal, vertical and diagonals) are used, limiting the expressiveness of the simulations in term of possible angular orientations. In §4 we discuss how to minimize this problem. Another artefact is the boundary of the grid. We tested our system with a torus (no boundary) and found only a few differences at the borders; the patterns were similar elsewhere. The final artefact we studied is the number of columns and rows. We noticed that if the numbers are greater than 50 (ten times the local environment of a MorphoBlock), it did not change the patterns but changed the diversity of patterns (1 simulation with a 200 × 200 grid has the same diversity as 16 simulations with a 50 × 50 grid). Each site of the grid can contains two kinds of data:
The first is the reference of the MorphoBlock Core. If a grid element does not carry any Core, the reference is empty. A site contains no more than one Core.
The second datum is the concentration of Chemotaxismodulators produced by the Secreters of the MorphoBlocks. The concentration of a Chemotaxismodulators of typeS is the sum of all the Chemotaxismodulators of typeS produced by the different Secreters (they can come from different MorphoBlocks). Hence, a site contains any number of Chemotaxis- 
The MorphoBlock properties (Secreters and
Ligands) allow to reproduce the migration of cells. But we also need behaviours allowing us to reproduce cell division, cell differentiation and cell apoptosis. For that we create a reaction algorithm able to take into account specific congurations of MorphoBlocks inside the environment. For example:
• cell division: A → A+A (with a probability p chosen by the modeller). This means that if at time t the environment contains a MorphoBlock A, at time t + 1 a new MorphoBlock A is created close to the other (with probability p). This is repeated for each MorphoBlock of type A present at time t; • cell differentiation: A → B (the MorphoBlock A is replaced by the MorphoBlock B with a probability p at each simulation step); • cell apoptosis: A → ∅ (the MorphoBlock A is removed with a probability p at each simulation step); • cell signalling: A + S → B (the MorphoBlock A is replaced with the MorphoBlock B when S is in contact with A with a probability p upon contact between A and S); • cell secretion: A → A + S (the MorphoBlock A produces S with a probability p at each simulation step).
Movements
In this section, we describe how the MorphoBlocks move inside the environment thanks to the interaction function fi (see §2.3).
At each time step of the simulation the MorphoBlocks move toward one direction among four: left, right, up, down but they can also stay at their current position.
Let fi c (respectively fi r , fi u , fi l , fi d ) be the value of fi applied on a MorphoBlock at the current (respectively right, up, left, down) position. Let S = fi c + fi r + fi u + fi l + fi d be the sum of the five interaction values calculated. The probability for a MorphoBlock to choose the current (respectively right, up, left, down) position is fi c /S (respectively fi r /S, fi u /S, fi l /S, fi d /S).
The algorithm to realize a simulation step is the following:
1. For each untreated agent, one is chosen at random among all the others. The others are all frozen during the computation; 2. All the functions of interaction are evaluated for the selected agent; 3. A location is selected among the 5 possible (left, right, up, down, current) positions; 4. If the site where the agent is supposed to go is free, the agent is moved to its new position. Moreover, the field of Chemotaxismodulators secreted by the Secreters is withdrawn from the old position and placed at the new one. Otherwise the agent stays in its current position; 5. The agent is marked as already treated; 6. End. An example of a simulation is given in Figure 5 .
In the next Section 3 we study more complex simulations with different kinds of MorphoBlocks.
SIMULATIONS
The aim of the first simulations is to make the patterns that the MorphoBlocks can express explicit. These patterns are then used in a more biological simulation to show how they can be used in embryogenesis. We present here four simulations obtained using the previously designed agent (see §2.1). The first three are obtained with just the displacement of MorphoBlocks (no reaction, no degradation, no apoptosis and no proliferation). A fourth simulation, which is more focused on the embryogenesis, is then studied including movements, reactions, proliferations and apoptosis. These simulations are sorted by the diversity of MorphoBlocks used. The first simulation uses only one type of MorphoBlock. The second one uses the same MorphoBlock but in different orientations. The third involves 3 types of MorphoBlock. The fourth takes into account 5 MorphoBlocks and 4 behaviours (cell division, cell differentiation, cell production and cell apoptosis). In our simulations, each site of the grid represents a surface of 10 × 10 μm (the size of a cell). Moreover, we consider that a cell moves at a speed of 10 μm per hour [6] , so the time of a simulation step corresponds to 1 h.
Simulation of vertical patterns
First, we deal with the simple MorphoBlock described in the Section 2. 
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We observe the formation of vertical patterns with a variable width (see Figure 6 ).
Simulation of cellular seggregation
This simulation contains 3 types of MorphoBlocks inside the same environment.
1 • 4 Secreters S Side=i,TypeS=-• 1 Ligands L Side=i,TypeL=-with i = 1, 3, 5, 7. At t = 0, the simulation is built with 10 000 MorphoBlocks of type 1 (1250 MorphoBlock for each of the 8 angular orientations) plus 4000 of type 2 and 4000 of type 3. There is a total of 18 000 MorphoBlocks. They are all in the same environment, namely is a 100 × 100 grid and they are located at random. We stop the simulation at t = 1000 simulation steps. For information, the simulation is performed in about 10 minutes. As compared with the first simulation which took about 8 minutes, it indicates that the complexity of our algorithm is proportional to the number of MorphoBlocks.
We observe the creation of clusters with a segregation of agents of type 2 and type 3. The MorphoBlocks of type 2 are confined inside compartments surrounded by the Chemotaxismodulators of type +. Symmetrically, the MorphoBlocks of type 3 are confined inside compartments surrounded by the Chemotaxismodulators of type -(see Figure 8 ). 1 The simulation has been made on a PC with an Intel Pentium IV CPU running at 3.6 GHz with 1Gbytes of RAM. The operating system is Ubuntu 8.04. 
Simulation of aggregating clusters
In this second simulation, we use the same type of MorphoBlocks as in simulation 1. However, we divide the population of 8000 MorphoBlocks into 8 groups of 1000. Each group is a MorphoBlock with a different angular orientation: At t = 0 the simulation consists of 1000 MorphoBlocks of each group (8000 in total). They are located at random on a 200 × 200 grid. We stop the simulation at t = 3000 simulation steps. For information, the simulation is performed in about 12 minutes.
We observe the formation of 2 kinds of protocompartments: the compartments surrounded by the Chemotaxismodulators of type + and the compartments surrounded by the Chemotaxismodulators of type -(see Figure 7) . 
Simulation of embryogenesis
This simulation represents the embryogenesis of an abstract multicellular organism. First a stem cell is located inside an area filled with nutrients. The stem cells divide several times until there is no more nutrient. Some of the stem cells are in contact with the external environment (air). The contact of the stem cells with the air induces the differentiation of the stem cell into a skin cell. The skin cell is able to divide but also to differentiate into a bone cell. The skin cells are MorphoBlocks that create vertical patterns as seen in the simulations described in §3. • cell division: stem cell + nutrient → stem cell + stem cell (with probability = 1); • cell differentiation 1: stem cell + air → skin cell + air (with probability = 0.01); • cell production: skin cell → skin cell + bone cell (with probability = 0.02); • cell differentiation 2: stem cell + skin cell + air → skin cell + skin cell + stem cell (with probability = 1); • cell apoptosis: bone cell + air → ∅ + air (with probability = 1). At t = 0 the simulation has 3 MorphoBlocks of type stem cell, plus 4000 of type air, plus 300 of nutrients (located in 3 separated blocks). The stem sell agents are located at the bottom of the environment. The nutrient agents are located in 3 areas just around the 3 stem cells. The air agents have been located at random in a 100 × 100 grid. As the result, we observe the creation of clusters with segregation of agents of type 2 and type 3 (see Figure 9 ). The Figure 10 shows the temporal evolution of the different species. 
DISCUSSION
The multiagent approach is interesting for studying biological phenomena for different reasons. First, it can reproduce the stochastic characteristics of living system (especially those due to the Brownian motion engendered by thermal agitation). Second, we can observe the creation of dynamical structures in a spatially explicit environment. Third, we can simulate systems where there are heterogeneous concentrations of entities (in our simulation 3.4 we only have 3 stem cells at the beginning). Fourth, we can easily add, modify and suppress agents or behaviours during the simulation (see the definition of in virtuo [17] ). The MorphoBlock programming allows the reproduction of different kinds of biological mechanisms, especially in the field of morphogenesis. We have shown four different simulations illustrating our approach. However, the MorphoBlock programming has several drawbacks. For example, the grid where the agents are located induces a big minimum rotation step of π/4. This rotation step is insuficient to reproduce the flexibility of living cells during embryogenesis. It can be improved by increasing the size of the Core of the MorphoBlock in order to have Cores made with several grid sites (with the discrete shape approximating that of a disc).
A possible use of our software is the extraction of curves representing the concentration of biological species varying with time (see Figure 10 ). An analysis of these curves is an interesting perspective because it can allow a description of the system in term of mathematical equations under very specific constraints (see [4] ). Thus, we can use the mathematical tools to analyse the dynamics of the studied systems (steady state, cycles, etc.).
To facilitate the design of simulations, we developed a graphical interface. Thanks to this interface, the user can create MorphoBlock and behaviours without any lines of code. The software is accessible from the Internet in the form of a Java applet. 
CONCLUSION
We have presented the paradigm of MorphoBlock programming. A MorphoBlock is a software agent with a Core, Ligands and Secreters. The Secreters produce Chemotaxismodulators, which modify the MorphoBlock movements.
We see also that MorphoBlock programming has several drawbacks. The first problem is introduced by the grid, on which rotations are not accurate enough. It could be overcome in different ways: first, by increasing the size of the Core. It would be interesting to add a Core made with many sites. Hence, the number of possible rotations will quickly improve. For example, a core made with a disk of radius equal to 7 will have 52 rotation angles. Another problem is the design of very large simulations in term of computational time. One possible solution is the use of multicore microprocessors where the environment could be cut in to several parts.
A MorphoBlock is a very simple reactive agent (with neither memory nor planning). Nevertheless, the simulations of several MorphoBlocks show different types of dynamical structures according to how the Secreters and Ligands are located. Moreover we can visualize the different stages of structure formation in order to explain how they appear. The MorphoBlocks show interesting patterns that can be compared, from an abstract point of view, to biological processes like morphogenesis or embryogenesis.
